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Description 



Method of Automatically Routing Nets 
According to Current Density Rules 

Background of Invention 

[0001] The present invention relates to the field of electronic de- 
sign automation for integrated circuits, and in particular, 
to the area of automatic routing of nets or interconnect 
taking into account current density. 

[0002] integrated circuits are important building blocks of the in- 
formation age and are critical to the information age, af- 
fecting every industry including financial, banking, legal, 
military, high technology, transportation, telephony, oil, 
medical, drug, food, agriculture, education, and many 
others. Integrated circuits such as DSPs, amplifiers, 
DRAMs, SRAMs, EPROMs, EEPROMs, Flash memories, mi- 
croprocessors, ASICs, and programmable logic are used in 
many applications such as computers, networking, 
telecommunications, and consumer electronics. 

[0003] Consumers continue to demand greater performance in 



their electronic products. For example, higher speed com- 
puters will provide higher speed graphics for multimedia 
applications or development. Higher speed internet web 
servers will lead to greater on-line commerce including 
on-line stock trading, book sales, auctions, and grocery 
shopping, just to name a few examples. Higher perfor- 
mance integrated circuits will improve the performance of 
the products in which they are incorporated. 
[0004] Large modern day integrated circuits have millions of de- 
vices including gates and transistors and are very com- 
plex. As process technology improves, more and more 
devices may be fabricated on a single integrated circuit, 
so integrated circuits will continue to become even more 
complex with time. To meet the challenges of building 
more complex and higher performance integrated circuits, 
software tools are used. These tools are in an area com- 
monly referred to as computer aided design (CAD), com- 
puter aided engineering (CAE), or electronic design au- 
tomation (EDA). There is a constant need to improve these 
electronic automatic tools in order to address the desire 
to for higher integration and better performance in inte- 
grated circuits. 

[0005] within an integrated circuit, there are devices, such as 



transistors, and interconnect. Interconnect is used to con- 
nect signals between the circuitry and also to supply 
power to the circuitry. Interconnect may include metal 
lines, polysilicon lines, polysilicide lines, or other conduc- 
tive materials. Interconnect is also sometimes referred to 
as nets. There may be more than one layer of intercon- 
nect, such as metal-1 and metal-2 layers. There is a need 
for a technique of automatically routing the interconnect 
of an integrated circuit. Automatic routing will automati- 
cally connect the inputs of particular devices or circuits to 
the appropriate inputs, typically from other circuits or de- 
vices, or from the pins of those devices. 

[0006] Furthermore, when automatically routing the interconnect, 
it is desirable to consider the current or power handling of 
the particular interconnect line. Certain lines will carry 
larger currents than other lines. It is desirable that the in- 
terconnect lines can carry the current or power they will 
potentially see during operation, otherwise problems such 
as electromigration, IR voltage drop, or self-heating will 
reduce the reliability, longevity, or performance of the in- 
tegrated circuit. 

[0007] Therefore, there is a need for an electronic design au- 
tomation technique of automatically routing interconnect 



while taking into consideration current handling of the in- 
terconnect. 
Summary of Invention 



[0008] This invention provides a technique to automatically route 
interconnect while taking into consideration current den- 
sity rules. In an implementation, the technique uses a 
shape-based approach where a grid is not used. Based on 
input data including current density and frequency of each 
net, this technique determines the current requirements 
for each net. In a specific implementation, a Steiner tree is 
created for a net, and using this tree, the technique pro- 
poses route paths. The technique widens nets having 
greater current requirements. Adjacent wiring may be 
pushed aside to create sufficient space for wider nets. 

[0009] | n one embodiment, the invention is a method including 
providing a number of pins routed together on a net, 
where each pin has a current value, calculating a current 
requirement for each track segment of the net, and deter- 
mining a track width for each track segment using a cur- 
rent density function. An automated routing of a first 
track segment of the net is performed, where the auto- 
matically routed first track segment has a track width as 
previously determined using the current density function. 



[0010] | n another embodiment, the invention is a method includ- 
ing providing a gridless layout of a circuit design, provid- 
ing a number of pins of the gridless layout to be routed 
together using a net, and providing a track width for each 
track segment of the net. An automated routing of a first 
track segment of the net in the gridless layout is per- 
formed, where the automatically routed first track seg- 
ment has a first track width as provided. 

[0011] | n another embodiment, the invention is a method includ- 
ing providing a number of pins of a layout to be routed 
together using a net, creating a Steiner tree for the net in- 
cluding a rule to treat a segment of the layout represented 
as a number terminal connected to each other, where 
these connections cannot be broken during automated 
routing, and providing a track width for each track seg- 
ment of the net. Using the Steiner tree, an automated 
routing of a first track segment of the net in the gridless 
layout is performed, where the automatically routed first 
track segment has a first track width as provided. 

[0012] This rule may be replaced with one or more other rules, 

and these rules may be combined with one another in any 
combination. Other examples of rules include: A rule is 
that for shaped items, points at the center and around the 



perimeter where the perimeter intersects a Hanan grid are 
added. A rule is that all points belonging to the same 
subnet will be connected together, so the automated 
routing will not attempt to disconnect these points. A rule 
is that for subpins in the same group that are not con- 
nected by an arc, the points for each pin will be replaced 
by a single point at the center of the subpin. A rule is that 
for subpins that are connected by an arc, both pins will be 
represented as connected by a forced connection. A rule is 
that buried pins are represented by a point outside a 
blockage where a first legal routing pitch would be. A rule 
is that a MOS transistor is modeled where its gate is single 
pin. 

[0013] other objects, features, and advantages of the present in- 
vention will become apparent upon consideration of the 
following detailed description and the accompanying 
drawings, in which like reference designations represent 

like features throughout the figures. 
Brief Description of Drawings 

[0014] Figure 1 shows a system of the present invention for per- 
forming electronic circuit design, including automatic in- 
terconnect routing according to current density rules. 

[0015] Figure 2 shows a simplified system block diagram of com- 



puter system 1 used to execute the software of the 
present invention. 

[0016] Figure 3 shows a simplified functional block diagram of an 
exemplary EDA system incorporating aspects of the 
present invention. 

[0017] Figure 4 shows an example of current requirement calcu- 
lation for nets. 

[0018] Figure 5 shows an unrouted net with points. 

[0019] Figure 6 shows prerouting of the net of figure 5. 

[0020] Figure 7 shows proposed paths for the net obtained by 
Steiner tree creation. 
Detailed Description 

[0021] Figure 1 shows an electronic design automation (EDA) 
system of the present invention for designing an elec- 
tronic circuit or integrated circuit, including routing of 
nets of the circuit according to current density rules. In an 
embodiment, the invention is software that executes on a 
computer workstation system, such as shown in figure 1. 
Figure 1 shows a computer system 1 that includes a mon- 
itor 3, screen 5, cabinet 7, keyboard 9, and mouse 11. 
Mouse 11 may have one or more buttons such as mouse 
buttons 13. Cabinet 7 houses familiar computer compo- 



nents, some of which are not shown, such as a processor, 
memory, mass storage devices 17, and the like. Mass 
storage devices 17 may include mass disk drives, floppy 
disks, Iomega ZIP™ disks, magnetic disks, fixed disks, 
hard disks, CD-ROMs, recordable CDs, DVDs, recordable 
DVDs, Flash and other nonvolatile solid-state storage, 
tape storage, reader, and other similar media, and combi- 
nations of these. A binary, machine-executable version, of 
the software of the present invention may be stored or re- 
side on mass storage devices 17. Furthermore, the source 
code of the software of the present invention may also be 
stored or reside on mass storage devices 17 (e.g., mag- 
netic disk, tape, CD-ROM, or DVD). 
[0022] Further, figure 2 shows a system block diagram of com- 
puter system 1 used to execute software of the present 
invention. As in figure 1, computer system 1 includes 
monitor 3, keyboard 9, and mass storage devices 17. 
Computer system 1 further includes subsystems such as 
central processor 202, system memory 204, input/output 
(I/O) controller 206, display adapter 208, serial or univer- 
sal serial bus (USB) port 212, network interface 218, and 
speaker 220. The invention may also be used with com- 
puter systems with additional or fewer subsystems. For 



example, a computer system could include more than one 
processor 202 (i.e., a multiprocessor system) or the sys- 
tem may include a cache memory. 

[0023] Arrows such as 222 represent the system bus architecture 
of computer system 1. However, these arrows are illustra- 
tive of any interconnection scheme serving to link the 
subsystems. For example, speaker 220 could be con- 
nected to the other subsystems through a port or have an 
internal direct connection to central processor 202. Com- 
puter system 1 shown in figure 1 is but an example of a 
computer system suitable for use with the present inven- 
tion. Other configurations of subsystems suitable for use 
with the present invention will be readily apparent to one 
of ordinary skill in the art. 

[0024] Computer software products may be written in any of var- 
ious suitable programming languages, such as C, C+ + , 
Pascal, Fortran, Perl, MatLab (from MathWorks, 
www.mathworks.com), SAS, SPSS, and Java. The computer 
software product may be an independent application with 
data input and data display modules. Alternatively, the 
computer software products may be classes that may be 
instantiated as distributed objects. The computer software 
products may also be component software such as Java 



Beans (from Sun Microsystems) or Enterprise Java Beans 
(EJB from Sun Microsystems). An operating system for the 
system may be one of the Microsoft Windows® family of 
operating systems (e.g., Windows 95, 98, Me, Windows 
NT, Windows 2000, Windows XP), Linux, UNIX, or Sun OS. 
Other operating systems may be used. 
[0025] Furthermore, the computer may be connected to a net- 
work and may interface to other computers using this 
network. For example, each computer in the network may 
perform part of the task of the many series of automatic 
routing steps in parallel. Furthermore, the network may be 
an intranet, internet, or the Internet, among others. The 
network may be a wired network (e.g., using copper), 
telephone network, packet network, an optical network 
(e.g., using optical fiber), or a wireless network, or any 
combination thereof. For example, data and other infor- 
mation may be passed between the computer and compo- 
nents (or steps) of a system of the invention using a wire- 
less network using a protocol such as Wi-Fi (IEEE stan- 
dards 802.11, 802.11a, 802.11b, 802. lie, 802. llg, and 
802. Hi, just to name a few examples). For example, sig- 
nals from a computer may be transferred, at least in part, 
wirelessly to components or other computers. 



[0026] Figure 3 shows a simplified functional block diagram of an 
exemplary EDA system 300 incorporating aspects of the 
present invention. The EDA system includes a number of 
software tools, any of which may access a shaped-based 
database model 301 containing an integrated circuit de- 
sign, or one or more portions of an integrated circuit de- 
sign. The EDA system provides such tools as a graphical 
user interface 302, global router 304, manual editor 306, 
detail router 308, engineering change option (ECO) engine 
310, timing-driven routing engine 312, extraction engine 
314, data export interface 318, DSM process engine 320, 
and silicon interface format 322. An EDA system may in- 
clude any number of the system tools shown in figure 3, 
and in any combination. Further, the EDA system may in- 
clude additional tools not shown in figure 3. 

[0027] An EDA system may be a grid-based system or shape- 
based system. Techniques of the present invention may 
be applied to a gridded or shape-based EDA system. A 
grid-based system relies heavily on the concept of a grid 
and routing grids. Gridded modeling, however, becomes 
difficult to implement successfully as the routing and fea- 
ture sizes become smaller. The amount of data increases 
according to a square law, which means that tasks be- 



come increasingly more computationally complex and 
time-consuming as the amount of data increase. As fea- 
ture sizes in integrated circuits continue to shrink, more 
features or geometries may be fitted into the same unit 
area of an integrated circuit. Therefore, it is important for 
an EDA system to handle increasingly complex integrated 
circuits and provide output or results quickly. 
[0028] The techniques of the invention are especially suited for a 
shaped-based system, which may also be referred to as a 
gridless system. A shape-based system has no defined 
cell size. Each cell, or expansion area, is as large as possi- 
ble. In brief, a shape-based system can expand edges, 
which means that an edge of an enclosing rectangle (or 
other polygon) may be expanded in the direction of the 
edge as far as desired until the edge finds an obstacle. 
This may be referred to as a "flood" operation. The rect- 
angle may be representative of any polygon of the inte- 
grated circuit, such as a net, contact, via, transistor gate, 
or transistor active area. Blocked edges are edges that 
cannot be extended because they are blocked by a 
perimeter of another rectangle, such as another segment, 
net, or obstacle. Once an obstacle is encountered, then a 
shape-based approach floods around the obsta- 



cle— making a ninety degree or other angle (any angle 
may be used) turns as needed to route around the obsta- 
cle. 

[0029] chip design, be it analog, custom or digital, will increas- 
ingly suffer from timing and signal integrity issues, and in 
particular crosstalk, as geometries continue to decrease 
and ever more fine wires are introduced. Gridded solu- 
tions are not flexible enough to resolve these issues, let 
alone achieve a high rate of routing completion. A high 
performance timing and crosstalk-driven routing solution 
will become a mandatory requirement in physical design. 
The grid-based approach offers fast routing but requires 
customization to handle off-grid connections and is inef- 
ficient for post-route timing and signal integrity opti- 
mizations. When net widths and spacings must be 
changed to reduce resistance or cross-talk, grid-based 
approaches waste space by moving nets to the next avail- 
able grid and waste time by resorting to rip-up and re- 
route techniques. Gridded systems are not good at irregu- 
lar intervals, irregular spacings, or routing things that do 
not fit onto a regular grid. The gridless approach easily 
handles off-grid connections and is efficient for post- 
route optimizations. In a shape-based or gridless system, 



the layout may be a gridless layout, which means there is 
no grid which structures or polygon of the layout are as- 
sociated with. 

[0030] | n an embodiment, the structure of database 301 facili- 
tates shape-based operations. For example, a structure of 
this database may include an obstacle tree having nodes 
and leaves containing the obstacles of an integrated cir- 
cuit. This tree structure permits rapid determination of 
where obstacles are when doing operations on the 
database, such as routing nets. 

[0031] An specific example of an electronic design automation 
system is the Lyric Physical Design Framework™, made by 
Pulsic Ltd. Lyric is a high performance auto-interactive IC 
physical design solution for analog, custom, digital, 
mixed-signal, embedded DRAM or SRAM, and system- 
on-chip (SoC) design. The system incorporates solutions 
for automatic placement, routing, full ECO capabilities, 
timing closure, signal integrity, and power routing. An- 
other example of an EDA system is the Prelude Physical 
Design Framework™, also made by Pulsic Ltd. Prelude is 
an ultra high capacity, high performance IC physical de- 
sign solution for very large digital/ASIC designs, running 
into millions of nets and cells. Prelude incorporates solu- 



tions for ECO placement and routing, powered by a scal- 
able architecture, using a true distributed computing en- 
vironment. 

[0032] | n figure 3, the EDA system 300 includes one or more of 
the components discussed below, in any combination. 
One skilled in the art will recognize that one or more of 
components shown in figure 3 may not be required to 
practice specific aspects of present invention. For exam- 
ple, when DSM process engine 320 is omitted from sys- 
tem, the system could still perform automatic routing of 
interconnect, but without providing DRC checking capa- 
bilities. 

[0033] a graphical user interface 302 provides users a graphical 
interface in which to perform operations on the integrated 
circuit design. For example, the user can view the inte- 
grated circuit using the graphical interface. The user may 
use the mouse and cursor to select a particular polygon or 
feature, such as a net. The user may expand or zoom into 
areas of the integrated circuit design. 

[0034] a global router 304 is an automatic routing engine that 
coarsely routes interconnects of the integrated circuit, 
thus enabling large designs to be routed more rapidly and 
completely. The global router may also provide visual and 



quantitative analysis of the congestion in the design by 
highlighting problem areas that can be fixed by incremen- 
tal adjustments to the floor plan. The global router is 
sometimes referred to as a coarse router because it pro- 
vides generally the routes for the interconnect, and may 
work in conjunction with a detail router 308 (discussed 
below) to place the geometries of the interconnect. 

[0035] a manual editor 306 is a shape-editing suite for creating 
or editing metal, keep-outs, routing areas, and the ability 
to partition a design into smaller areas. These areas can 
then be worked upon individually and can be recombined 
at a later stage to complete the design. Full on-line design 
rule checking (DRC) ensures that manual operations are 
completed error-free first time. Powerful tools automati- 
cally push-aside existing wiring to make way for new 
wires and semiautomatic routing tools quickly close down 
troublesome nets by allowing the user to guide the rout- 
ing engine around complex areas of the design. 

[0036] The detail router 308 is an automatic router that com- 
pletes the wiring in a design by determining the specific 
routes for each interconnect. The detail router may com- 
plete a portion of the wiring for design, such as for sec- 
tions or specified cells of the design, or may complete all 



the wiring of the design. The detail router may route 
starting from scratch or from partially completed routing. 
In an implementation, the global router determines the 
general route paths for the interconnect, and the detail 
router takes this routing information from the global 
router and puts in the physical detailed geometries of the 
tracks and vias. 

[0037] An ECO engine 310 provides a capability to handle late 
stage ECO changes. Every element of the design can be 
modeled incrementally, thus eliminating the need to ever 
restart the physical design, no matter what changes may 
need to be made from upstream or downstream processes 
in the design. ECO engine capabilities can include the 
ability to shove or push cells aside to make space for new 
or relocated instances, and the ability to drop groups of 
components and automatically find legal placement sites 
for them minimizing the disruption to the design. When 
pushing or pulling cells, the wires remain connected to 
the cells and the wires lengthen, shorten, and move as 
needed, if possible, to keep the connections. The detail 
router can then repair any violating interconnects and 
stitch-up any newly introduced interconnects, with mini- 
mum impact, ensuring circuit stability is never compro- 



mised. 

[0038] a timing-driven routing engine 312 provides RC timing 
analysis of interconnects. Used in concert with the detail 
router, the timing engine can determine the path of least 
delay for critical nets. Furthermore, the timing engine, in 
concert with an extraction engine, can actively select a 
longer path with a lower associated delay (e.g., due to 
lower capacitance) in preference to a shorter but slower 
route. 

[0039] An extraction engine 314 is provided. Utilizing a unified, 
high-speed RC extraction engine, the crosstalk function- 
ality accurately calculates the coupling between victim and 
aggressor signals. This same technology is then used to 
identify potential problems, and automatically implements 
a DRC correct solution without changing the path of the 
signal unnecessarily. In addition, signal-to-signal (or 
within and between classes of signals) spacing rules can 
be applied, and fully controllable automatic shielding can 
be used to protect particularly sensitive signals. The user 
is provided with unprecedented control over the resis- 
tance and capacitance in the signal path. Again, using the 
advanced built-in RC extraction technology, the user can 
separately control path resistance and capacitance, which 



is particularly useful for analog and mixed signal design. 

[0040] | n an implementation, the global router and detail router 
are linked to the extraction engine. So, for example, when 
running, the global router or detail router, or both, can 
call the extraction engine to obtain RC extraction infor- 
mation. The global router, detail router, or both, may use 
the RC extraction information when creating the intercon- 
nect routes. For example, the detail router may obtain RC 
extraction info from the RC engine in order determine 
whether an interconnect route meets current density 
rules, and widen the interconnect width as needed. 

[0041] | n a specific embodiment, the Lyric internal RC extraction 
driven constraints manager has been enhanced to ensure 
matching on a per-layer basis as well as the whole net or 
subnet. There is an increasing requirement in today's de- 
signs to match length, time, resistance and capacitance 
across nets on a per-layer basis. This ensures total net 
constraints are met as before but also guarantees desig- 
nated nets can match on a per-layer basis. 

[0042] The tightly coupled, high-speed RC extraction engine is 

used both during routing (global router or detail router, or 
both) and for post-routing extraction to reach timing clo- 
sure in record time. Integrated timing analysis and cura- 



tive features enable the management of delay within the 
design; the matching of delays within and between multi- 
ple nets; the sharing of delay between many nets in a sig- 
nal path; and reducing the delay in critical nets by mini- 
mizing resistance and capacitance. Intelligent lengthening 
increases the delay of the faster nets, preventing shoot- 
through. 

[0043] The detail router can address current density issues in 

analog design, to help achieve an optimum routing result 
for the entire design, and save valuable design time. The 
current information which is used to drive this current 
density functionality may come from, for example, a 
front-end schematic engine or simulation engine. The 
router can automatically route a net at varying widths to 
guarantee sufficient track widths at every point in the 
topology of the net to carry all current requirements. DRC 
and process checking tools locate any insufficient width 
areas that may exist in any routing, including automati- 
cally generated routing, manual routing, and imported 
prerouting. 

[0044] a data export interface 316 is provided so data of the EDA 
system 300 may be exported for other processes. For ex- 
ample, output from the EDA system may be passed 



through the export interface to other EDA systems or 
software tools provided by other manufacturers. The ex- 
port interface would provide output in a form, format, or 
structure, acceptable by process or software tool which is 
being exported to. 

[0045] a data import interface 318 provides the means to import 
data, such as a circuit layout, netlist, or design con- 
straints. The data to be import may be in various formats 
including data saved from other EDA systems or software 
tools. In addition, the source of the data may be a 
database, floppy drive, tape, hard disk drive, CD-ROM, 
CD-R, CD-RW, DVD, or a device over a communication 
network. Some example of import formats include text, 
ASCII, GDSII, and LEF/DEF. 

[0046] a DSM process engine 320 is provided. The DSM process 
engine does design rule checking (DRC). Design rule 
checking locates and highlights where a design is break- 
ing process design rules. For example, a design rule is the 
minimum spacing between metal lines (i.e., geometries on 
a specific layer). A design rule may be the minimum width 
of a metal line. A design rule may be a minimum polysili- 
con-to-diffusion spacing. There are many other design 
rules for a typical process. Some design rules are for 



checking geometries within a single layer, and some de- 
sign rules are for checking geometries of two or more lay- 
ers. 

[0047] a silicon interface format 322 is provided, which in a spe- 
cific implementation is an ASCII database format. How- 
ever, in other implementations, other silicon interface for- 
mats may be used. 

[0048] a user may design an integrated circuit using a system 
such as shown in figure 3. A representative flow for de- 
signing an integrated circuit is outlined in steps 1 to 8 be- 
low in flow A. Step 5 is further subdivided into three sub- 
steps. 

[0049] FLOW A 

[0050] integrated Circuit Design Flow 
[0051] i. Provide Circuit Specification 
[0052] 2. Create Circuit Design 
[0053] 3. Generate Netlist 

[0054] 4_ Simulate Performance and Verify Functionality of Circuit 

Design 
[0055] 5. Generate Layout 

[0056] 5 a . Layout Devices 



[0057] 5b. Connect Devices 

[° 058 ] 5c. Connect Blocks of Circuitry 

[0059] 5, physical Verification and Design Checking 

[0060] 7. Create Masks 

[° 061 ] 8. Fabricate Integrated Circuit 

[0062] Although the steps above are listed in a specific order, the 
steps may take place in any order, as desired and de- 
pending on the specific application. These are general 
steps that may be applied to designing an integrated cir- 
cuit including custom, a gate array, standard cell, field 
programmable logic, microprocessor, digital signal pro- 
cessor, microcontroller, system-on-a-chip (SOC), mem- 
ory, ASIC, mixed signal, analog, radio frequency (RF) or 
wireless, and others. There may be additional or other 
steps, which may replace one or more above steps. Cer- 
tain steps may be repeated. For example, after generating 
a layout for a circuit design, the step of simulating perfor- 
mance and verifying functionality may be performed 
again. This time, the parasitics and RC considerations 
from the layout can be back-annotated into the netlist or 
circuit design, and the design simulated again. The results 



of this simulation will presumably be more accurate be- 
cause more precise information is provided. 

[0063] | n s tep l of the flow, a circuit specification is provided. 
This is a specification or description of what the inte- 
grated circuit or circuit will do, and what the performance 
will be. For example, the integrated circuit may be a 
memory integrated circuit with particular address input 
pins and input-output (I/O) pins. Integrated circuit per- 
formance may be quantified terms in AC and DC perfor- 
mance. For example, AC performance refers to propaga- 
tion delays, maximum clock frequency, clock-to-output 
delay, hold time, and other similar parameters. DC perfor- 
mance refers to maximum supply current, maximum and 
minimum supply voltage, output current drive, and other 
similar parameters. 

[0064] | n step 2, an engineer creates a circuit design that pre- 
sumably will meet the circuit specification. This circuit de- 
sign may include transistors, resistors, capacitors, and 
other electronic components. The engineer uses these 
electronic components as building blocks of the design, 
interconnecting them to achieve the desired functionality 
and performance. The engineer may make a custom de- 
sign using electronic component building blocks or use a 



gate array, where the building blocks are sets of cells set 
by the gate array manufacturer. The design may be input 
using a graphical design tool such as schematic capture 
program, and any other design tool may be used. The cir- 
cuit may be described using a high-level design language 
(HDL). These design tools will create a netlist (step 3) of 
the circuitry, which is a listing of the components of the 
devices and their interconnections. 

[0065] During the design phase, the engineer simulates the per- 
formance and verifies the functionality of the circuitry 
(step 4). There are transistor and process models to 
model the components. Some simulation tools include 
Spice, which performs circuit simulation, and Verilog, 
which performs functional and timing verification. This is 
where the electrical information for current density rout- 
ing is generated. 

[0066] After deciding upon an initial circuit design, the engineer 
begins layout (step 5) of the circuitry. Layout refers to 
making the three-dimensional dispositions of the element 
and interconnections to make an integrated circuit. Mak- 
ing an integrated circuit is a layer by layer process. Some 
layers of an integrated circuit are diffusion, polysilicon, 
metal-1, metal-2, contact, via, and others. There may be 



multiple layers of the same material, but on different lay- 
ers. For example, diffusion and polysilicon layers are used 
to make MOS transistors (step 5a). For example, metal- 1 
and metal-2 are two different layers, where metal- 1 is 
below the metal-2 layers. These metal layers may be con- 
nected together using a via. Metal is typically used for in- 
terconnections (step 5b) and supplying power and ground 
to the devices. 

[0067] Software tools may be used to help with the layout of the 
circuit, such as the automatic routing of interconnect 
(steps 5b and 5c). The interconnect may be between de- 
vices. Devices and circuitry may be grouped into blocks or 
cells having inputs and outputs. The interconnect may be 
between these blocks or cells (step 5b). 

[0068] | n s tep 6, after or while the layout is generated, the physi- 
cal design is verified and checked. For example, some of 
these operations may include layout-versus-schematic 
(LVS) checking, electrical rule checking (ERC), design rule 
checking (DRC), layout simulation (especially for analog 
circuitry), power analysis, and timing analysis. Physical 
verification and design checking is often iterative. Based 
on the design check, a design engineer or user may make 
changes to the design or layout, or both and the design 



may be rechecked in order to make sure any areas of con- 
cern or design errors have been cleared. 
[0069] The result of layout is data (e.g., provided in GDSII or 

other format) that is used to make the masks (step 7). The 
masks are used to fabricate the integrated circuit (step 8) 
using a photolithography process. Typically, there are 
many "copies" of the same integrated circuited fabricated 
on the same wafer. Each integrated circuit is a "die" on the 
wafer. Good dies are separated from the bad dies. The 
good dies are sawed and packaged. Packaging generally 
includes encapsulating the die in plastic or other material, 
and connecting pads of the integrated circuit to pins of 
the package, where the integrated circuit can be inter- 
faced. 

[0070] The invention provides techniques to automatically route 
nets according to current density rules. The invention 
would help with steps 5b and 5c (routing interconnect) of 
the design process. 

[0071] There are several effects that can cause reliability or per- 
formance problems due to currents flowing in wires within 
an integrated circuit. One potential problem is electromi- 
gration. At high current densities, such as when the value 
of current divided by cross sectional area of a wire is 



large, electrons become accelerated to a level where they 
can displace atoms from the crystal lattice of the metal 
wire. Over time this can lead to voids in the wire and ulti- 
mately an open circuit can form. Furthermore, the dis- 
placed atoms may leave the body of the wire altogether 
and form spurs at corners in the wire, leading to short- 
circuits with other neighboring electrical signals. Both 
opens and shorts lead to functional errors. This effect 
gets worse with time and hence can cause failures in the 
field a considerable time after manufacture. The wider a 
wire, the lower the current density will become. 
[0072] Another potential problem is IR voltage drop. Due to 

Ohm's law, a current flowing throw a resistance (a resis- 
tance in this case is a narrow wire) will create a potential 
difference, and in the case of an electronic circuit this in- 
variably means that the voltage of a signal will become 
degraded. This may mean that logic transitions fail to 
cross thresholds, or take longer to do so, or that noise will 
cause false transitions, or in an analog circuit the signal- 
to-noise ratio will be reduced. This will reduce functional 
yield and may cause failures in the field. The wider a wire 
is, then the lower the resistance and hence the lower the 
voltage drop. 



[0073] Another potential problem is self-heating. Current flowing 
through a resistance (a resistance in this case is a narrow 
wire) generates heat (|A2R). This heat will generally slow 
down circuit operation (as transistor characteristics get 
worse at raised temperature), and if localized can cause 
mismatches in analog circuitry or clocking structures and 
thus generate functional errors. This will reduce functional 
yield and may cause failures in the field. The wider a wire 
is, then the lower the resistance and hence the lower the 
temperature. Another potential problem from self-heating 
is that with sufficient current and heat, an interconnect 
may be like a unintended fuse and can burn out. This 
would create an open circuit, which may also cause func- 
tional problems. 

[0074] For most signals, the minimum width wire allowed by de- 
sign rules is sufficient to avoid these problems because 
the current involved is low and transitory. But for analog 
nets, power supplies, clocks and other high-drive digital 
signals, one or more of the effects may cause concern. 
The design rules are a set of guidelines that are followed 
when laying out the integrated circuit. The design rules 
are generally provided by the process engineers or 
foundry. 



[0075] ^ is inefficient to set all segments of the routing of such 
nets to a large width, or even the worst case width as this 
will take up an unnecessarily large part of the design area, 
hence increasing production costs. 

[0076] one way to efficiently handle the current requirements of 
such nets while not using excessive real estate on the de- 
sign space is to connect the devices on the net by hand, 
ensuring that each "section" of the net in the routed 
topology is sufficiently wide enough to handle the relevant 
pin current of the devices. The problem with this ap- 
proach is that it is very time consuming and unreliable as 
the user will have to calculate the necessary widths for 
each section of the routed topology and ensure the sec- 
tions are at such width. Also, invariably the hand-routed 
nets will have to be redone frequently to make way for 
other requirements, placement adjustments, congestion, 
ECO requirements, and so forth. 

[0077] | t j S therefore desirable to automatically route the nets 

and automatically determine the minimum required width 
for each section of the routing of such nets, taking into 
account the relevant rules (electromigration, IR drop, and 
self-heating), as well as the characteristics of the individ- 
ual net such as switching frequency, noise margin, pin 



currents, capacitance, and other characteristics. 
[0078] Traditionally, automatic routers have no knowledge of and 
do not take into consideration current density rules. Tra- 
ditionally, automatic routers take into consideration spac- 
ing rules when routing interconnect. Using a traditional 
automatic router, a user may make adjustments manually 
to account for current density rules. When using a tradi- 
tional automatic router, some strategies may include: (a) 
route using the minimum track width, and manually apply 
a fattening post-process, or (b) route using a larger track 
width for the whole net. A problem with (a) is that it may 
not be possible to fatten the routes by the necessary 
amount to meet the current density rules. A problem with 
(b) is that it is unlikely to be possible to route the design 
one hundred percent when using an artificially large track 
width for the whole net. There is need for a technique of 
allowing the current density rules to be considered during 
the routing process itself that would result in a net being 
fully automatically routed at various differing widths to 
sufficiently handle the current densities at each section of 
the resultant topology. This strategy could be extended to 
determine track widths according to the resistance of the 
various paths on a net. 



[0079] INPUT DATA 

[0080] input data includes a current density function, where cur- 
rent density is given as a function of at least one of layer, 
net frequency, or track width, or all or any combination of 
these. There may be other factors that affect current den- 
sity and these factors may also be part of the function. 
The current density function may be provided in the form 
of a formula, equation, table, table, look-up table, or any 
other technique for quantifying a current density relation- 
ship. 

[0081] | n a specific embodiment, the data to be used includes 
one or more current density tables and a frequency of 
each net. A current density table is a table providing the 
current density as a function of layer, net frequency, and 
track width. Such a table will enable a minimum track 
width to be determined, given a frequency, a layer, and a 
current requirement. In another specific implementation, 
the technique uses entries from the table. If current is 
higher than a particular value, then the next higher entry 
in the table is used. This approach provides a conservative 
value for the width of the interconnect, because the inter- 
connect will be wide enough to handle the expected or 
calculated current. In another implementation, where a 



specific current requirements value is not found in the ta- 
ble, a current requirement value may be obtained by in- 
terpolating using entries available in the table. 

[0082] For example, a linear interpolation technique may be used 
to determine a current requirement, where the frequency 
is between two different frequencies provided in the table. 
As a sample calculation, two entries in the table are (50, 
10) and (40, 5), where for (M, N), M represents frequency 
and N represents current requirements. Then, then using 
linear interpolation, for a frequency of 45, the current re- 
quirement will be 7.5. For a frequency of 48, the current 
requirement will be 9 (i.e., (4830)/2). Although this is an 
example of linear interpolation, other types of interpola- 
tion may be used including polynomial, exponential, loga- 
rithmic, and others. 

[0083] a frequency of each net (where 0 is a DC net) is also pro- 
vided as input. In an embodiment, when frequency infor- 
mation is not provided for a particular net, DC operation 
of the nets will be assumed. In another embodiment, 
when frequency information is not provided for a particu- 
lar net, a warning message will be provided to the user. 
The user then can supply the frequency information. 

[0084] The current requirements for a net changes as the fre- 



quency changes. The function of current density as a 
function of frequency is given in the current density table. 
For example, typically, as the frequency on a net in- 
creases, there is an increase in current or power require- 
ments. The current associated with each device pin of rel- 
evant nets, where a +ve value indicates driver/source, and 
a ve value indicates receiver or sink. Normally the sum of 
the currents of all the device pins on a net will be zero, 
but this is not essential. 
[0085] WIDTH FORMULA 

[0086] The invention may use following width formula. The fol- 
lowing describes how to determine the needed track width 
for a particular track segment on a routed net. 

[0087] a net is the wire connecting all the points together. There 
may be many branches and segments in a single net. Each 
of the branches or segments may have different current 
requirements because there are inputs and outputs along 
the path, and current path gets divided up. A subportion 
of the net may be referred to as a track. Interconnect will 
be used to form the net in the integrated circuit design. 
And based on the current requirements for a track, a par- 
ticular track width is selected and this width is used for 
the interconnect in the design. 



[0088] Assume we have a net N, and a track segment T on layer 
L. Firstly, we need determine the current requirement C, 
for the track T. 

[0089] Determine which pin on the net is the "main driver," i.e. 
the pin with the largest (positive) current. Having done 
this, we can determine which pins are downstream of 
track T. The current requirement C is the (absolute) sum 
of the current requirements of the downstream pins. 

[0090] Figure 4 shows an example of an application of a width 
formula of the invention. Figure 4 shows nets and pins. 
Boxes 403 represent device pins with their associated pin 
current values. The +6 pin 406 will be treated as the main 
driver. The derived current 409 for the various paths are 
shown. 

[0091] For example, a segment 411 provides a current of 6 while 
a segment 413 provides a current of 2. Therefore segment 
418 handles current of 8, which is the sum of the currents 
on segments 411 and 413. These calculations provide the 
current requirements for those nets. 

[0092] Having determined the current requirement for a particu- 
lar track segment, we can now derive the corresponding 
track width. This calculation depends on the net fre- 
quency, the track layer, and current density tables. The 



actual currents may be less, but the width of the net will 
be wide enough to handle the provided current require- 
ments. 

[0093] ROUTING TECHNIQUE 

[0094] Given a routed net, it has been shown how it is possible to 
determine the current requirement of each route path. 
From this, we can determine the width requirement for 
each track. Any track that is deemed to be of insufficient 
width to support its current requirement can then be 
widened provided there is sufficient space, or that adja- 
cent wiring can be pushed aside to create sufficient space. 

[0095] An aspect of the invention is to allow the current density 
rules to be considered during the routing process. A key 
problem with this is that the precise routing topology of a 
net is not known in advance. Thus we do not know which 
pins are downstream of each potential track, and there- 
fore we cannot derive the appropriate track widths to use. 

[0096] a basic strategy or flow for solving this problem is to 

route nets with current density rules using Steiner trees. 
Flow B provides an example of pseudocode for such a 
technique of routing while considering current density 
rules. 

[0097] FLOW B 



[0098] ROUTENET(N) 

[0099] { 

[0100] // f orm a set of points S to be connected for net N 

[0101] // generate Steiner tree for S 

[0102] // t his will gives a new set of points S' and a set of links L 

between 

[0103] // these points 

[0104] // f or each point in S' that was not in S 

[0105] { 

[0106] // create virtual pin 

[0107] } 

[0108] // rearrange the unrouted connections on N according to 

the Steiner 
[0109] // |i nk s l 

[0110] // for each unrouted connection C on N { 

[0111] // determine the current requirement A of this connection 
C 

[0112] // this is done by finding the sum of the currents of all 
[0113] // the downstream pins 



[0114] // determine the track width per layer for C using 

[0115] // the current requirement A, the net frequency, and the 

[0116] // current density tables 

[0117] // autoroute this connection with these track widths 

[0118] } 
[0119] } 

[0120] STEINER TREE CREATION 

[0121] At the core of this strategy is the ability to create a Steiner 
tree for the net. A Steiner tree is a tree in a distance graph 
which spans a given subset of vertices (Steiner points) 
with the minimal total distance on its edges. In the seven- 
teenth century, French mathematician Pierre Fermat asked 
how we could find a point P in a triangle with the dis- 
tances from P to the vertices being as small as possible. 
This problem was later solved by Toricelli. The Steiner 
problem is a generalization of this question allowing for 
an arbitrary number of initial vertices and an arbitrary 
number of vertices to be added. Even more simply stated, 
the Steiner problem is to join a set of points with the 
smallest collection of connections. Steiner tree creation 
should be very efficient and will necessarily be a heuristic 



algorithm as Steiner tree creation is NP complete. Heuris- 
tic algorithms have been designed to approximate the re- 
sult within polynomial time. 
[0122] various Steiner tree algorithms exist today. Mostly these 
are from academic research. One approach is referred to 
as the "batched greedy algorithm" (BGA), worked on by 
Kahng, Mandiou, and Zelikosky. However, in other imple- 
mentations of the invention, other Steiner tree algorithms 
may be used including Prim's algorithm and Kruskal's al- 
gorithm. 

[0123] Prim's algorithm is an algorithm to find a minimum span- 
ning tree. The steps for Prim's algorithm are: 

[0124] i. set i=0, S0= {u0=s}, L(u0)=0, and L(v)=infinity for v <> 
uO. If |V| = 1 then stop, otherwise go to step 2. 

[0125] 2. For each v in V\Si, replace L(v) by min{L(v), dv ui}. If L(v) 
is replaced, put a label (L(v), ui) on v. 

[0126] 3, Find a vertex v which minimizes {L(v): v in V\Si}, say 
u(i + l). 

[0127] 4 . Let S (i + i) = Si cup {u(i+l)}. 

[0128] 5. Replace i by i + 1. If i = |V|-l then stop, otherwise go to 
step 2. 

[0129] The time used by Prim's algorithm is 0(|V|A2). It will be 
reduced to 0(| E| log I V|) if heap is used to keep {v in V\Si : 



L(v) < infinity}. 

[0130] Kruskal's algorithm is another algorithm to find a mini- 
mum spanning tree. The steps for Kruskal's algorithm are: 
[0131] i. set i= land let E0={} 

[0132] 2. Select an edge ei of minimum value not in E(i-l) such 
that Ti = <E(i-l) cup {ei} >is acyclic and define Ei = E(i-l) 
cup {ei}. If no such edge exists, let T=<Ei>and stop. 

[0133] 3. Replace i by i + 1. Return to Step 2. 

[0134] The time used by Kruskal's algorithm is 0(| E| log | V|). 

[0135] For an implementation of the invention, a Steiner tree al- 
gorithm is used where improvements are made to the 
batched greedy algorithm. This improved batched greedy 
algorithm is highly scalable and in tests is able to find a 
near optimal solution for 35,000 terminals in 24 seconds 
compared to several hours or days for other heuristic al- 
gorithms. 

[0136] The standard batched greedy algorithm has some limita- 
tions that are addressed by the improved approach of the 
invention. Some limitations of the standard batched 
greedy algorithm that are addressed by the invention in- 
clude: 

[0137] i_ The standard batched greedy algorithm works on ideal- 



ized points not arbitrary shapes, e.g., prerouting, and so 
forth. 

[0138] 2. The standard batched greedy algorithm does not con- 
sider electrically equivalent points. 

[0139] 3. The standard batched greedy algorithm does not con- 
sider routing obstacles. 

[0140] NEW BATCHED GREEDY ALGORITHM FOR PREROUTING 
AND LARGE SHAPES 

[0141] Because the standard batched greedy algorithm does not 
consider rectangles or anything more complicated than 
points, we improve the algorithm to handle with these real 
world items. 

[0142] | n an approach of the invention for the purposes of 

batched greedy algorithm, preroutes are deconstructed to 
a number of points and that the batched greedy algorithm 
is modified to consider forced connections. Therefore a 
segment (or number of segments) could be represented as 
a number of terminals which are already connected to 
each other and whose connections cannot be broken. 

[0143] | n the case of a track these points will be placed at the 
ends of the segment and at the intersection of the track 
with the lines of a Hanan grid. A Hanan grid is an induced 
grid which is formed by drawing vertical and horizontal 



lines through the points. By imposing a Hanan grid, this 
restricts the feasible solution search space to a finite col- 
lection of trees. Hanan's classic result states that a short- 
est Steiner tree exists on the grid induced by the points. 

[0144] For vias, it is only necessary to add a single point at the 
connections point. For shaped items, i.e. large pins and 
metal, points are added at the centre and around the 
perimeter where the perimeter intersects the Hanan grid. 

[0145] All points that belong to the same subnet should be con- 
nected together so that the BGA algorithm will not at- 
tempt to disconnect them. 

[0146] Figure 5 shows an example layout of an unrouted net 

showing points 506 on pins. Pins are indicated by shaded 
rectangles 509. In figure 5, there are five pins. Within the 
pins are deconstruction points 506 for the pins. Each of 
the pins of figure 5 has three deconstruction points each. 
There are dashed lines 512 connecting the pins; these 
dashed lines show the logical connections. Surrounding 
each pin is a rectangle 517, which is the cell outline. 
There are dark three rectangles 521that are obstacles, 
which the interconnect cannot route through. 

[0147] Figure 6 shows the net of figure 5 with prerouting 608. 
There is a Hanan grid with grid lines going vertically 608 



and horizontally 611. There are projected points 616 on 
the prerouting 605. Where the Hanan grid and track inter- 
sect or cross each other, a deconstruction point is placed. 
Therefore, on prerouting track 605, there are six pro- 
jected points 616, each occurring at an intersection with 
the Hanan grid. Prerouting is a term used for routing that 
already exists in a design, i.e., not created by any part of 
the tool, rather it has been imported along with the design 
into the tool. 

[0148] The result of the Steiner tree includes the proposed paths 
and one or more virtual pins. The proposed path is shown 
in figure 7. Paths connecting at a virtual pin will guarantee 
the topology of the net, which means the current density 
will be guaranteed because there the width of the branch 
will be sufficient. 

[0149] The position of the virtual pin is such that when defined in 
the topology of the netlist, it will define a branch point 
that is to be connected to by the paths from the pins, and 
all those paths connecting to the virtual pin can be 
widened sufficiently to meet the current requirements of 
the pins on those paths. 

[0150] Figure 7 shows proposed paths for routing a net. The pro- 
posed paths determined by Steiner tree creation are indi- 



cated by reference numbers 708, 711, and 715. A virtual 
pin is indicated by the reference number 719. 
[° 151 ] TECHNIQUE FOR ELECTRICALLY EQUIVALENT POINTS 

[0152] a single logical pin may have multiple subpins. These 
shapes may be internally connected, in which case only 
one of the subpins needs to be routed to, or they may not 
be internally connected in which case they all need to be 
routed to. All members of a subpin group are assumed in- 
ternally connected sufficiently so that only one needs to 
be routed. 

[0153] Separate subpin groups are assumed to have no internal 
connection, so each subpin group must have at least one 
routed pin. The connection between two subpins may be 
sufficiently strong so as to allow for through routing. In 
this case a subpin arc is defined between the two sub- 
pins. 

[0154] where a pin contains subpins that are electrically equiva- 
lent, then one of the two following approaches is used de- 
pending of the exact nature of the equivalence. 

[0155] For subpins in the same group that are not connected by 
an arc then the points for each pin should be replaced by 
a single point at the centre of the subpins. After the 
Steiner tree has been constructed each such group will be 



visited in turn and the lowest cost subpin in each group 
will marked as the preferred subpin and other subpins will 
be marked unexitable. In this way once a preference for 
the top or the bottom of a cell row is established by the 
first group, other cells in the row are likely to follow re- 
sulting in a better routing pattern. 

[0156] For subpins that are connected by an arc then both pins 
will be represented to batched greedy algorithm as con- 
nected by a forced connection in a similar way to prerout- 
ing, the batched greedy algorithm will then be able use 
the potential feed through. 

[° 1 57] TECHNIQUE FOR ROUTING OBSTACLES 

[0158] Many routing obstacles do not need to be considered in 
great detail. The two main types of routing obstacles that 
need consideration are: 

[0159] i. Those obstacles, or combination of obstacles, that 
block all routing in a particular bias through an area or 
completely block all routing in a particular area. 

[0160] 2. Those obstacles that would prevent the placement of 
Steiner points (virtual pins). 

[0161] The inner part of the batched greedy algorithm is changed 
to consider these obstacles when proposing potential 
routing structures. In an implementation, this is achieved 



by passing into the batched greedy algorithm a set of 
rectangles that represent routing obstacles along with the 
direction of routing blocked by each. 
[0162] However this is likely to have an impact of the single point 
method for routing electrically equivalent points as many 
such subpins are either side of routing obstacles. So when 
routing between such pins by the batched greedy algo- 
rithm, the technique should ignore the routing obstacles if 
both points lie within the same contiguous region of the 
obstacle. 

[0163] jo ensure that there is not an explosion of these regions, 
only items that are bigger in the anti-bias dimension than 
a number of routing pitches will be considered (the num- 
ber of pitches is to be found by experiment). 

[0164] OTHER CONSIDERATIONS 

[0 1 65] BURIED PINS 

[0166] a buried pin is a pin that is fully enclosed by an obstacle. 
Buried pins should be treated slightly differently than 
other pins. Buried pins will be represented by a point just 
outside the blockage where the first legal routing pitch 
would be. In order to automatically route buried pins and 
consider current density rules, strict rules are used which 



allow obstacles to be ignored so buried pin may be routed 
in a strict way. More specifically, if the buried pin is near 
the edge of the obstacle, it may be routed directly through 
that edge. Therefore, as far as the Steiner tree is con- 
cerned it is better modeled as a point outside the obsta- 
cle. 

[0167] CMOS TRANSISTORS 

[0168] CMOS transistors, where the gate of a transistor has been 
modeled as a single pin and the middle is covered with an 
obstacle, should be represented as a single point in the 
middle on the pin. Then in a similar way to that of electri- 
cally equivalent pins each possible exit direction should 
be considered and the lowest cost edge preferred and 
other exit directions barred. This should encourage a 
routing pattern that connects multiple transistors along 
the same side. 

[0169] This description of the invention has been presented for 
the purposes of illustration and description. It is not in- 
tended to be exhaustive or to limit the invention to the 
precise form described, and many modifications and vari- 
ations are possible in light of the teaching above. The em- 
bodiments were chosen and described in order to best 
explain the principles of the invention and its practical 



applications. This description will enable others skilled in 
the art to best utilize and practice the invention in various 
embodiments and with various modifications as are suited 
to a particular use. The scope of the invention is defined 
by the following claims. 



